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R
etinal and choroidal perfusion abnormalities have been reported to play an important role in the pathogenesis of various ocular diseases including glaucoma, age-related macular degeneration, diabetic retinopathy, and central serous chorioretinopathy. [1] [2] [3] Hence, it is urgent that a valid, reliable and clinically feasible technique for the measurement of retinal and choroidal blood flow in humans be developed. The introduction of bidirectional laser Doppler velocimetry (LDV) 4, 5 made it possible to derive absolute quantification of retinal blood flow in vivo in the 1970s and 1980s, but the technique is time consuming and requires considerable operator experience. Doppler Fourier-domain optical coherence tomography (D-OCT) [6] [7] [8] [9] has overcome some of the technical limitations inherent in LDV and enables valid and robust measurements of absolute blood flow in selected retinal vessels 9, 10 and in total retinal blood flow. 7, 11 Although qualitative visualization of retinal perfusion has been realized in a commercially available OCT system (Envisu C-Class unit; Leica Microsystems, Wetzlar, Germany), nevertheless, no commercial OCT-based technique is currently available for the quantitative measurement of retinal perfusion.
In recent years, laser speckle flowgraphy (LSFG) has emerged as a promising method for the measurement of ocular perfusion in humans [12] [13] [14] [15] [16] [17] and was recently granted clearance by the US Food and Drug Administration for quantitative evaluation of blood flow in retinal vessels. 18 LSFG permits noninvasive measurements of blood flow at the optic nerve head (ONH), the retina, and the choroid, simultaneously, with a iovs.arvojournals.org j ISSN: 1552-5783 patient-friendly acquisition time of less than 5 s. LSFG-derived readings of retinal perfusion, however, are determined not only by the blood flow velocity in the retinal vasculature but also by the perfusion of the underlying choroidal tissue due to the long wavelength (830 nm) of the applied laser source. 19 Recently, relative flow volume (RFV) was introduced as a novel LSFGderived blood flow index in an effort to exclude the choroidal background noise from the measurements of perfusion in retinal vessels. 15 The first comparison with LDV indicated favorable correlation with absolute blood flow in the human retina. 15 To date, however, the in vivo experience with RFV is restricted to Japanese subjects.
In the present study, we aimed to study the validity of RFV as a measurement of retinal blood flow by means of in vitro experiments as well as direct comparison with D-OCT in a healthy Caucasian population. The presented work is the first to apply LSFG to measure retinal circulation in Caucasians and to validate this method by comparison with D-OCT-derived measurements of retinal circulation.
METHODS Laser Speckle Flowgraphy
In the present study, a commercially available LSFG system (LSFG-NAVI; Softcare Co., Ltd., Fukuoka, Japan) was used to quantify perfusion in a custom-built flow phantom and in retinal vessels in vivo. The principles of LSFG have previously been outlined in detail. [20] [21] [22] [23] [24] The LSFG device used in this study consisted of a fundus camera supplied with an 830-nm diode laser and a digital charge-coupled device camera (750 3 360 pixels). The fundamental output parameter of LSFG is mean blur rate (MBR). This parameter constitutes a measurement of relative blood flow velocity and is expressed in arbitrary units (au). During one LSFG scan, a total of 118 images are continuously captured at a rate of 30 frames per second over a time period of approximately 4 s. The device is equipped with dedicated analysis software (LSFG Analyzer version 3.1.58; Softcare), which synchronizes and mathematically averages all 118 acquired images to produce a so-called ''composite map'' depicting the distribution of perfusion in the ocular fundus within one cardiac cycle. In this color-coded map, a rectangular band is centered on the retinal vessel of interest, using the builtin image analysis software (Fig. 1) . Within the selected area, the retinal vessel is automatically delineated by computing a threshold between MBR values in the retinal vessel and the background MBR originating from perfusion of the underlying choroid. 15 The vessel diameter determined by LSFG is expressed in pixels. Relative flow volume (in arbitrary units) represents the primary output parameter of LSFG for the analysis of retinal perfusion. This index of blood flow in retinal vessels is automatically calculated by subtracting the background MBR in the nonvessel area (i.e., choroidal MBR) from the MBR detected within the retinal vessel area. 15 
In Vitro Capillary Measurements
In order to test the validity of quantitative perfusion estimation with LSFG, a model eye in conjunction with a flow phantom was deployed. Thereby, a 4.0-mm artificial pupil was aligned with a simple lens with a focal length of 30.0 mm and a glass capillary with an inner diameter of 300 lm placed in the focal plane of this model eye. In order to simulate blood flow within the capillary, a constant and continuous flow of diluted milk was produced by an infusion pump (Pilot C model; Fresenius, Homburg, Germany). This computer-controlled system provides a high-flow-rate accuracy of 62% (as stated by the manufacturer). A wide range of 17 different flow velocities (range, 0.5-47 mm/s) was produced, and LSFG was applied to obtain readings of RFV three consecutive times at each velocity. The mean value of three successive measurements was used for comparison with preset velocities. In an in vivo setting, RFV is intended to account for the underlying choroidal perfusion that codetermines the MBR obtained within the area of retinal vessels. Even though choroidal background perfusion was not incorporated into our flow phantom, we used RFV for direct comparison with preset velocities in order to account for the offset (i.e., the MBR value measured outside of the area of the glass capillary, where there is no blood flow). 15, 19, 21, 25 In Vivo Measurements on Retinal Vessels
Subjects. This prospective comparison study included 20 healthy Caucasian subjects recruited by the Department of Clinical Pharmacology of the Medical University of Vienna. The study protocol was approved by the Ethics Committee of our institution. After providing subjects an explanation of the nature and possible consequences of the study, all subjects gave written informed consent. All research adhered to guidelines outlined in the Declaration of Helsinki.
All subjects underwent an extensive screening examination during the two weeks prior to the actual study day that comprised medical history, physical examination, best-corrected visual acuity testing using standard Early Treatment of Diabetic Retinopathy Study charts, slit-lamp examination FIGURE 1. Color-coded ''composite'' map depicts the distribution of blood flow in the ocular fundus (left). Rectangular bands (RBs) were centered on the retinal vessels of interest in vicinity to the optic nerve head margin (white dots) using the equipped image analysis software. The MBR waveform (right) shows the synchronized and averaged MBR signal within one cardiac cycle. The green curve represents the MBR signal obtained within RB 1 (artery), and the purple curve represents the MBR signal of RB 2 (vein). MBR, mean blur rate; RB, rectangular bands.
including indirect fundoscopy, measurement of IOP, using Goldmann applanation tonometry, measurements of systolic blood pressure (SBP) and diastolic blood pressure (DBP) with automated oscillometry and a urine pregnancy test for women. Any of the following criteria excluded a subject from participation in the study: smoking, ametropia ‡ 6 diopters (D), contact lens wearing, any ocular surgery within 3 previous months, significant opacities of the optical medium (e.g., corneal scars, lens opacities classification system II (LOCS-II) grading ‡ 3, vitreous opacities), any other relevant ocular disease or abnormality, any clinically relevant illness as judged by the investigators, uncontrolled hypertension with systolic blood pressure (SBP) ‡160 mm Hg and/or diastolic blood pressure (DBP) ‡ 100 mm Hg, current or planned pregnancy or lactation and blood donation in the previous 3 weeks. If both eyes of a subject were eligible, one eye was randomly selected to be the study eye. All subjects abstained from alcohol and stimulating beverages containing xanthine derivatives (tea, coffee, cola-like drinks) for at least 12 hours before measurements were taken. Mean arterial blood pressure and ocular perfusion pressure measured in a seated position were calculated using appropriate formulae as follows:
Protocol. On the study day, all measurements were scheduled to be made between 7:30 AM and 5.00 PM. Before the LSFG-based measurements of retinal perfusion were performed, all subjects rested in a quiet, air-conditioned room for 10 minutes, with the temperature maintained at 228C to 238C. First, three successive LSFG scans were acquired while the eye was in a state of miosis. Thereafter, the pupil of the study eye was dilated by topical instillation of 0.5% tropicamide eye drops (Mydriaticum Agepha Augentropfen; Agepha Ges.m.b.H., Vienna, Austria). After a further resting period of 20 minutes, a second set of 3 consecutive LSFG scans was performed. All scans were acquired by one of three experienced examiners (NL, PAW, KF). Before each LSFG scan, the subjects were instructed to blink and then to hold their eyes open and remain still during the scan acquisition. Between the three consecutive scans, the subjects were asked to lean back, and the chinrest was readjusted.
Subsequently, three consecutive D-OCT scans were performed in the eye in a state of mydriasis by one experienced examiner (GCA), blinded to the subjects' identity and to the result of the LSFG examination. In order to ensure LSFG and D-OCT measurements were obtained at identical retinal locations, an LSFG-derived fundus image was used to guide the D-OCT measurements. To obtain a scan, the subject was seated comfortably in front of the D-OCT system, and the head was stabilized using an adapted slit lamp headrest. As with LSFG, subjects were encouraged to blink shortly before the scanning and to keep their eyes open during signal acquisition. All LSFG and D-OCT examinations were acquired in near darkness under identical ambient conditions. Finally, measurements of IOP and systemic hemodynamics (SBP and DBP) were taken.
Laser Speckle Flowgraphy Measurements. In each subject, one major retinal artery and accompanying vein was measured simultaneously within the same LSFG scanning field at a distance of <1 ONH diameter from the ONH margin (Fig.  1) . The mean values for vessel diameter and RVF of the three successive LSFG measurements performed in mydriasis were used for statistical analysis.
Doppler Optical Coherence Tomography Measurements. A dual-beam bidirectional D-OCT system was used in the present study, as described in detail previously. 7, 9, 10 The device consists of a broadband superluminescent diode with a central wavelength of 840 nm (spectral bandwidth, 54 nm) and two charge-coupled device cameras with a maximum readout rate of 20 kHz. The system provides a resolution (in tissue) of approximately 6 and 18 lm in axial and transversal directions, respectively. The retinal vessel under study is illuminated by two probe beams under a known angle Da that is separated by their polarization properties. Light backscattered and backreflected from the sample (i.e., the retinal vessel under study) is spectrally detected by two identical spectrometers. Signal post processing, that is, calculation of the phase shift due to moving scatterers within the sample (i.e., erythrocytes moving in retinal vessels), was carried out in semiautomated manner, using custom software (written in LabVIEW; National Instruments; Austin, TX, USA) as outlined previously. 9 Of the three consecutive D-OCT measurements, the highest quality scan, as determined by the examiners, was selected for signal postprocessing. D-OCT gives readings of blood flow (microliters per minute) as well as blood flow velocity (millimeters per second). Furthermore, measurements of vessel caliber (in micrometers) were obtained from the OCT phase images as described in detail elsewhere. 26 With respect to vessel caliber measurements using this method, Fondi et al. 26 recently demonstrated high interobserver reproducibility and a high level of agreement with vessel caliber measurements as obtained from fundus images. Signal post processing was performed independently by two experienced examiners (NL and PAW), both of whom were both blinded to the subject's identity and the result of the preceding LSFG scans. For blood flow, blood flow velocity, and vessel caliber, the mean values of the two signal postprocessing procedures were used for statistical analysis.
Statistical Analysis
Descriptive data are mean 6 SD. A P value of <0.05 was considered statistically significance. All statistical analysis was performed using commercially available software (version 22.0.0.1, SPSS Statistical Software [IBM, Armonk, NY, USA] for Macintosh [Hilliard, OH, USA]).
As a first step, histogram frequency analysis and the ShapiroWilk test were carried out to confirm the normality of data distribution. With respect to the in vitro experiments, the relationship between preset flow velocity and RFV was evaluated using linear regression analysis. The chi square test was used to elucidate the effect of pupil dilation on the success rate of LSFG scans in vivo. Furthermore, linear regression analysis was applied to assess the relationships between LSFGand D-OCT-derived blood flow indices as well as vessel caliber. The ratios of the vessel calibers measured with D-OCT to vessel calibers determined by LSFG and the average measured flow were compared between arteries and veins by using appropriate Student t-tests. Measurement repeatability in vitro and in vivo was assessed by calculating the coefficient of variation (COV [%]) defined as the mean SD of repeated measurementsto-the overall mean ratio. As a second index of measurement repeatability, the intraclass correlation coefficient (ICC) for the three consecutive measurements was determined using a repeated measures ANOVA model. Finally, paired sample Student t-tests were used to compare RFV before and after pupil dilation.
RESULTS

In Vitro
The relationship between preset velocity rates of diluted milk in the glass capillary and RFV as obtained with LSFG is shown in Figure 2A . RFV was found to saturate at approximately 700 au, corresponding to 23.5 mm/s of actual velocity. Below this saturation level, a significant linear correlation between RFV and velocity was observed (r ¼ 0.92, P < 0.001) (Fig. 2B) . With respect to the repeatability of RFV measurements in the flow phantom, we found a COV of 8.2% and an ICC value of 0.992.
In Vivo
Subjects. A total of 10 male and 10 female Caucasian subjects were included. A summary of participants' baseline characteristics is provided in Table 1 . All subjects showed clear optical medium with no opacities in the crystalline lens (LOCS-II grade, 0). Histogram frequency analysis and Shapiro-Wilk test results confirmed the normal distribution of the analyzed parameters (data not shown).
LSFG Measurement Success Rate. Without pupil dilation, neither of the three successive LSFG scans of suitable retinal artery and accompanying vein were obtainable in one subject due to insufficient pupil size. After pharmacological pupil dilation, 4 scans of 3 subjects were excluded due to fixation compliance issues. Hence, the success rate of RFV measurements was 95% (57 of 60) with natural (scotopic) pupils and 93.3% (56 of 60) after pharmacological pupil dilation (P ¼ 0.70).
Correlation of LSFG with D-OCT. Linear regression analysis showed that RFV was significantly correlated with absolute blood flow as obtained with D-OCT in arteries (r ¼ 0.69, P ¼ 0.001) (Fig. 3A ) and in veins (r ¼ 0.74, P < 0.001) (Fig. 3B) . Furthermore, RFV demonstrated a significant correlation with blood flow velocity as determined with D-OCT in veins (r ¼ 0.52, P ¼ 0.02) (Fig. 3D) . In contrast, this association did not reach the level of statistical significance in arteries (r ¼ 0.38, P ¼ 0.10) (Fig. 3C) . The respective regression equations revealed considerable positive zero offsets for RFV ranging between 227.4 and 282.7 (Figs. 3A-3D ). Mean RFV as determined by LSFG was higher in veins (461.7 6 106.8) than in arteries (348.8 6 72.0), with a resulting 32.4% relative difference (P < 0.001). Mean flow as determined by D-OCT was 8.1 6 3.2 ll/min in arteries and 8.6 6 3.8 ll/min in veins with a (nonsignificant) difference of 5.6% (P ¼ 0.69).
Vessel Calibers. Vessel calibers as obtained from D-OCT phase images were significantly correlated with the vessel calibers as determined by LSFG in arteries (r ¼ 0.87, P < 0.001) (Fig. 4A) and veins (r ¼ 0.81, P < 0.001) (Fig. 4B) . However, the ratio of the vessel calibers determined by D-OCT (in micrometers) to those measured using LSFG (in arbitrary units) was significantly higher for retinal arteries (8.98 6 0.74 lm/au) than for veins (8.38 6 0.74 lm/au), with a P value <0.01. This finding suggests a relative underestimation of the vessel lumen by LSFG in arteries compared with that in veins.
As shown in Figure 5 , RFV was significantly correlated with vessel caliber as determined by LSFG in arteries (r ¼ 0.59, P ¼ 0.006) (Fig. 5A) and veins (r ¼ 0.84, P < 0.001) (Fig. 5B) . Figure  6 presents the correlations of D-OCT-derived blood flow with the vessel caliber as obtained from the OCT phase images. Larger vessel calibers were significantly associated with higher levels of blood flow, both in arteries (r ¼ 0.71, P < 0.001) (Fig.  6A ) and in veins (r ¼ 0.91, P < 0.001) (Fig. 6A) .
Repeatability. Table 2 summarizes the calculated repeatability indices COV and ICC for both the RFV and the vessel diameter in arteries and veins, obtained before and after pharmacological pupil dilation, respectively. Similar indices of repeatability with COVs of 5.59% or lower and ICCs of 0.973 or higher were observed independently of pupil dilation. Hence, pharmacological pupil dilation did not affect the repeatability of LSFG-based measurements of RFV and vessel diameter.
Effect of Pupil Dilation. Before pupil dilation, the mean RFV was 345 6 74 au in the selected retinal arteries and 469 6 108 au in veins. After pharmacological pupil dilation, mean RFVs of 345 6 72 au and 466 6 108 au were obtained in arteries and veins, respectively. Paired-sample Student t-tests revealed no significant effect of pupil dilation on the measurements of RFV in arteries (P ¼ 0.90) or veins (P ¼ 0.69). 
DISCUSSION
The primary purpose of this study was to evaluate the validity of LSFG as a method to quantify retinal perfusion. For this purpose, as a first step, an in vitro experiment was conducted wherein we performed LSFG measurements of a scattering solution pumped through a glass capillary. We found a saturation effect for RFV at approximately 700 au or 23.5 mm/s of actual velocity. Even though regression analysis indicated reasonable linear correlation of RFV with preset velocity below this saturation level (r ¼ 0.92), in fact, the relationship clearly appeared nonlinear. Second, in an in vivo experiment, we performed measurements of perfusion in major retinal vessels, using LSFG and D-OCT. Noninvasive quantification of retinal blood flow in vivo is challenging, and currently, no gold standard method exists. Nevertheless, the validity of D-OCT to measure absolute retinal blood flow has been largely substantiated using a number of in vitro and in vivo approaches. 9, 10, [27] [28] [29] [30] It is worth highlighting a recent study by Told et al., 11 which found very good concordance between retinal blood flow measurements obtained with D-OCT and with the terminal microsphere method in a nonhuman primate model. The latter method represents an independent invasive technique and is considered the gold standard of blood flow validation. 31 The main output parameter of LSFG when analyzing retinal perfusion, RFV, serves as a nondimensional index of blood flow in the retinal vessel examined. To our knowledge, only Shiga et al. 15 previously endeavored to validate RFV by using another measuring technique. They applied LDV in 30 retinal arteries and detected good correlations between RFV and blood flow velocity (r ¼ 0.61) and absolute blood flow (r ¼ 0.51), as determined from LDV, respectively. Moreover, in their study, the sum of RFV values in the two daughter vessels was strongly correlated with RFV in the trunk vein (r ¼ 0.98). However, their work failed to acknowledge an apparent problem with measurements of RFV. In their study, the regression equation exhibited a considerable negative zero offset for RFV, indicating that RFV readings were zero when blood flow obtained with LDV was still 4.5 ll/min, which constituted more than 40% of their mean arterial flow (11.2 6 3.8 ll/min). The zero offset in the regression analysis between RFV and LDV-based velocity readings was similar, with 17.3 mm/s or approximately 48% of the average arterial velocity of 36.1 6 7.9 mm/s.
In the present report, we demonstrated that RFV significantly correlated with absolute blood flow as obtained from D-OCT, both in retinal arteries (r ¼ 0.69) and veins (r ¼ 0.74). Nevertheless, the relationship between RFV and blood flow .38) . Surprisingly, the respective regression equations indicated that RFV would hypothetically amount to 223.4 au in arteries and 282.7 au in veins if the D-OCT flow reading was zero. Similar results were observed for blood flow velocity. This is in opposition to the data of Shiga et al., 15 who found negative zero offsets for RVF compared to LDV. 15 The underlying reasons for this discrepancy could not be fully elucidated in the present study. Nevertheless, we presume that the positive zero offset of RFV in this study was mainly due to an underestimation of blood flow by LSFG with higher flow rates. This study provides multiple pieces of evidence in support of this hypothesis.
First, our in vitro experiments clearly revealed a saturation effect for RFV at approximately 23.5 mm/s of actual velocity, a level that was well within the range of velocity observed in vivo (range, 5.3-28.1 mm/s). Rose and Hudson 32 previously demonstrated comparable levels of blood velocity in a healthy population (32.04 6 2.14 and 23.97 6 1.68 mm/s in retinal arterioles and venules, respectively) with arterial peak systolic velocities reaching 55.56 6 3.61 mm/s. Even though the data from our in vitro experiment cannot be directly extrapolated to an in vivo situation, this finding substantiates the fact that there exists an upper limit to blood flow velocity that can be measured with this technique and that this limit lies within the physiologic range of retinal blood flow velocity cannot be excluded. To our knowledge, no study has so far addressed the maximum measurable blood flow velocity for LSFG. The laser speckle method essentially constitutes a ''decorrelation'' technique, which uses the phenomenon that the speckle pattern reflected from moving scatterers (e.g., cellular blood components) ''de-correlates'' with a static speckle pattern. In theory, once the maximum decorrelation is reached, a further increase in actual blood flow velocity will not result in higher RFV readings. As a result, the mismatch between the actual blood flow velocity and the detected variation in the laser speckle pattern will naturally increase with higher flow rates.
A further potential technical limitation of the LSFG method lies in its two-dimensional measurement principle. Because LSFG does not permit depth-resolved measurements of perfusion, the relative attribution of the different depth layers within the vessel to the obtained absolute RFV signal is unclear. In contrast, D-OCT allows for precise depth gating of flow information. Hence, it may be that, especially in vessels with larger calibers and higher velocities, the deeper layers of blood flow do not fully contribute to the RFV signal, resulting in a relative underestimation of flow by LSFG compared with D-OCT. Murray's law predicts that blood flow increases with vessel caliber raised to the power of three (D 3 ) in vascular systems with an optimum compromise between blood flow and vascular resistance. 33 Thus, it can be deduced that there should exist a linear correlation between retinal flow velocity and vessel caliber in subjects with normal retinal perfusion. This has been established by recent reports from our group, using LDV 4 and D-OCT 9 in healthy subjects as well as by previous laser Doppler velocimetry data. 34 In keeping with these previous data, the present study showed that blood flow as determined by D-OCT strongly depends on vessel caliber in arteries (r ¼ 0.71) and veins (r ¼ 0.91). The respective correlations between RFV and vessel caliber were weaker with r ¼ 0.59 in arteries and r ¼ 0.84 in veins.
Second, our data indicate that LSFG may have an inherent problem with respect to measurement of vessel caliber in retinal arterioles. High-blood-flow rates promote axial migration of erythrocytes to the center of flow and an accumulation of erythrocytes at the center of the vessel, hence, causing a cell-free layer of blood plasma close to the wall of the vessel lumen. 35 Accordingly, it was previously demonstrated that retinal arteries exhibit a nonuniform distribution of MBR with higher values observed at the center of the vessel and lower values close to the vessel wall, which may lead to an underestimation of the vessel lumen. 25 Even though the vessel calibers as determined by LSFG and D-OCT were in close correlation in the present study, we detected a relative underestimation of the vessel lumen by LSFG in arteries in relation to veins. This is in agreement with a recent report by Iwase et al., 25 who made identical findings from comparisons of lumen diameters obtained by LSFG and those obtained by an adaptive optics camera.
In the third place, LSFG readings of venous flow were significantly higher than those of RFV in paired arteries by 32.4%. This is in contrast to our D-OCT data obtained for the identical vessels as well as to findings from previous investigations that applied LDV, which clearly demonstrated comparable levels of blood flow between retinal arteries and veins. 4, 5, 36 Interestingly, our findings are in concordance with those of a recent experiment by Iwase et al. 25 In their LSFGbased study, total retinal flow index was calculated as the sum of RFVs from all major retinal vessels surrounding the ONH, and a similar mismatch (25%) between total retinal flow indexes in arteries (1455 6 348 au) and veins (1812 6 445 au) was observed. All of these findings indicate a potential underestimation of higher (arterial) flow with LSFG.
A further point worth considering is that the study by Shiga et al. 15 included exclusively Japanese subjects, who exhibit a higher level of fundus pigmentation than Caucasians. As an index of retinal perfusion, RFV is intended to adjust for the underlying background signal originating from choroidal perfusion. RFV is calculated by subtracting the background LSFG signal in the nonvessel area (presumably corresponding to choroidal perfusion) from the signal detected within a retinal vessel. The intensity of the background signal in LSFG is to a large degree determined by the absorption of the emitted light (830 nm) by retinal pigment. Thus, it cannot be excluded that this correction method is inadequate in Caucasians, who exhibit lower levels of fundus pigmentation and, hence, higher levels of choroidal background signal in LSFG.
Herein, we evaluated the clinical usability of a commercial LSFG device to quantitatively estimate retinal perfusion in a Caucasian population. First, we showed that a satisfactory success rate of RFV measurements (>93%) could be achieved regardless of pharmacological pupil dilation. Moreover, we detected satisfactory repeatability for readings of RFV in retinal arteries and veins with COVs of 5.59% or lower and ICCs of 0.97 or higher. In addition, readings of RFV were obtainable with similarly high repeatability independently of pupil dilation. Values for ICC can range between 0 and 1, the latter value representing perfect repeatability. An ICC value above 0.9 indicates acceptable clinical repeatability. 37, 38 This is in accordance with the study by Shiga et al., 15 which recently reported a COV of 5.9% for RFV obtained for temporal retinal arteries in 18 Japanese subjects. To our knowledge, only one additional report by Iwase et al. 25 previously investigated the relatively novel parameter RFV in a sample of Japanese subjects. In both of those studies, measurements were performed with the eyes in a state of mydriasis. Our report was the first to demonstrate that neither the readings of RFV nor their repeatability were affected by pharmacological pupil dilation.
Limitations to this study may be found. First, the study was limited by its small sample size and by the nature of its crosssectional design. Furthermore, with D-OCT, the mean values of two signal postprocessing procedures by two examiners were used for statistical analysis, whereas, with LSFG, the mean value of three consecutive LSFG measurements was used. However, excellent reliability of the D-OCT system used in the present work was shown in previous reports of our group. 7, 9, 10 The use of diluted milk rather than whole heparinized blood as the scattering solution may be regarded as a limitation to our in vitro experiment. Nevertheless, a previous in vitro experiment conducted by our group 9 with a virtually identical setup demonstrated excellent agreement between D-OCT based measurements of absolute flow with the preset velocities.
In conclusion, this comparative study of D-OCT and LSFG indicates considerable issues with LSFG-based measurements of retinal perfusion in healthy Caucasian subjects. Even though the patient friendliness and real-time nature of measurements appear to render LSFG a promising technique for the exploration of retinal perfusion status in a clinical setting, nevertheless, our in vivo and in vitro data congruently pointed toward concern for saturation effects for RFV at physiological blood flow rates. Moreover, in contrast to absolute D-OCT measurements, RFV readings were significantly different between paired arteries and veins and at low flow rates correction of values with regard to underlying choroidal signals needs to be investigated. Hence, adjustment to the technique and further validation of RFV seems mandatory. The present data obtained in Caucasian subjects may serve as a good basis to work on adaptation of the algorithms to obtain absolute flow values in the future.
